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1. MICHEL NUSSKNJKWniO, hereby declare end slalc-lhat: 

1. 1 am a Howard Hughes InvcsUgotor, Sherman Fairchild Professor and Senior. 
I'hyslcian at Rockefeller University \hf^-]icia^piytf^ie^fnm the Rockefeller 
t/mversuy in 1 98 1 ami my M.I >. dcgwc : from New York University in. 1 982. 1 received 
postdoctoral medical and scientific training at Harvard University. My full curriculum vltac 
h alUcltcd hereto as Exhibit A. : '} : ■■. 'v-; : * '. - ; 

2. My principal area of research Is In Immunology and among other positions 1 servo 
at reviewer in numerous funduig agenpics of many countries, including the National (nstiuilo 
ofl*c*JUi> March of Dime* Daiia Founkalion. 1 also havo served as reviewer for numerous "-. 
jcicnUrjc journals, and 1 nm ilMs.Mllor of the Journal of Bx|wimcnlal Medicine and the 
Journal of Immunologic Methods. 

3. In iho course of my activities, I iwvo been listed as inventor on several patent 
Applications, including the oho i wf ck ^$c entitled "ENHANCED ANTIGEN DELIVERY 
AND MODULATION OF THE IMMUNE RESPONSE THEREFROM", having U.S. Serial 
Number 09/925,284, which is a 'conuimaiion-in-part of U.Si application Serial Number 
09/586,704. Hied on June S. 2000, which Ls a continuation of U.S. Serial Number 08/381, 
52«, Tiled on January 31, 1995. now abandoned. 



4. 1 have reviewed the disclosuro of the present application, with particular emphasis 
on (he support in the application as filed for the preparation and generation of antibodies 
against human and mouse DEC-205 proteins. 

5. "Ilic present application claims a method of enhancing the development of 
tolerance to a pre -selected antigen for which tolerance is desired in a mammal comprising 
exposing ex vivo or in vivo dendritic cells from said mammal to a conjugate comprising said 
preselected antigen covalently bound to an anti-human DIiC-205 antibody or an anti-murino 
DI:G-205 antibody that bind? to buirun DGC-205 under conditions that promote dendritic 
ceil quiescence. Moxi j^tealirfy/ is selected from the group 
consisting of allergens, autMudgeits and antigens participating in allograft reject ion. The 
human DPC-205 protein has a carboxy terminal and amino terminal amino acid sentence as 
disposed in the parent ajipIiGAl|oiu A^^^ ^l * , . N" 10 *** 09/586,704. filed on June 5, 2000. as 
SKQ II) NOs.: 1 and 2. respectively. Furthermore, as noted in the parent application USSN 
0?/58d.704. the first 19 amltio peid residues of ttic amino terminal human DEC-205. protein 
(designated as SBQ ID NO: 13 in the parent application) were used to generate antibodies 
that reacted with human DEC-205! The sequences from the parent application have-itpw 
beon included in the s^iuence fistiiig^lbr the present application and arc designated as SHQ 
II) NO: 7 for the carboxy tcimhiai, SliQ | ID NO: 8 for lite amino terminal, and SRQ ID NO: 9 
for tho first 19 amino ncids of fh6 antfiifa teiminafusotl fbr antibody generation- 

6. 'flic subject matter o|'tlicVw*P | ^ ajpplioatioh was based oh work performed in my 
laboratory, whereby the human. Df!Gr205 mojeculo was cloned aud expressed (Quo, M, 
Gong. S.. Maric> Sn Misulovih, Z. f Pack M., Mohnkc, K., Nussemcwcig, M.C. & Stclriman. 
It; (2000), A monoclonal tuUlbody U> ilie DFA^ human dendritic 
^\\s,]Ium(uiImmtnolofy 6l;7i9-73^ antibodies were then : > 
prciarad by inuuunl/Ing animals Wl^JlKc'llrst 1? atiiino acid residues from the N terminal 
fragment of the cloned hurnun I)KCt205 protein. 

7. To summarize briefly, tKcclonjnig of human DUC-205 was done through use of a 
cDNA fragment of the 3 1 portion of mouse DBC£05! This was used to screen a human 
lymphocyte mid thymus cDNA Ittwy usirig standard procedures known to those skilled in 
tho art. In particular, the cDNA fragment of mouse DRC-205 was used to screen a human 
lymphocyte matchmaker cDNA library (EDV-transformed human peripheral blood U 
lymphocytes) and a human thymus 5 v -strc4c?i plus cDNA library in aOgtlO vector (Clontcch 
laboratories, Palo Alto, CA, USA)- Positive clones were Identiricd by DNA sequencing on 



both simuds using Scqucnasc (United State Biochemical, Cloveland, OH, USA), or the dye 
elf itctniinatur kit (Ml Applied rilosystcms. Foster City, CA t USA) and automated sequencing 
(Applied Hlosystcms mode! 371). The human cDNAs were expressed In pKF-BOS 
modified to carry a l* human Fo fragment that was hi frame witfi the Insert. DEC-205 lender, 
CR domain, and Full domains were amplified from plasmjds by PCR using 5' MG3I primers 
mul y M033 primers. .'Itie 5! ». primer contains a Spcl site, while the 3' - primer contains a 
Not site mid codes for PRR at the jimction point of DBC-205 and the Fc lag, The human 
f >l;C-205 Fc fusion protein was produced by transiently trans footing 293 cells using calcium 
phosphate mediated g^ tronsfcr. HTW^^Ipn pmtcln was purified on protein Asepharosp 
and wits \im used io inject mice. Foilc^hiB ; several bcK>stcr Injections, the sew 
for antibodies that reacted ' wilh tltc 6R-i ? nil domain of the human DUC-205 molecule using 
Western Wo! procedures. AAerwanls, the spleens "wcifc harvested from those animals showing 
a positive reaction and were fused with SIT/D cells. The supcrnatants were screened by 
HI -ISA, dot blot, thymus tissue stahilofe aitd FACS analysis. Cell clones that secreted anti- 
Imhian nrXJ-205 anribodiw . 

8. (lie present application toadies methods for inducing tolerance by conjugating an 
antigen to a DUCXW5 antibody ft* IfMrgctirig to tho pfcipS receptor on spbciftc cctis, such 
as dendritic eclb, under conditions livirt p^oto dendritic cell quiescence, Tho antibodies 
that react whit Ihe DEC-205 protein^ antibodies, were 

prepared using tho first 19 amnio ac jd.^klucs ftoni the amino terminal end of the cloned 
' 'tiumoit OlJC-205;pi otein, .as a^H^K<te pa^ippHcation U.S. Serial Number 
09/586,704, and further attested to in iHfo dcclai^itt^nr. il 5a my belief that the disclosure 
of the present application provides iiilfidcnt ^ wrftt^ description for a person Allied In the art 
16 prepare such aiitlbbdies that iti^fe^ protein as presently claimed. 

1 hereby declare thnt alf strteroWiU 'made herein of my own knowledge arc true and 
glial all statements made on Information an<l belief arc believed lo be irue; and further, that 
these statements were made with die knowledge that willful false statements and the like so 
made are [Htnishablc by fine or imjitouhW, or both, under Title 18 of the U.S. Code, 
Section 1001. and that such willful false statements may jeopardize the validity of this 
agitation or any pateoU^ - . t * - 
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EXHIBIT A 



CURRICULUM VITAE 



Name: 

Date of Birth: 

Education: 
1975 
1981 
1982 

Clinical Training: 
1982-1985 

1984-1985 



Michel C. Nussenzweig 
February 10, 1955 



B.A. - New York University College of Arts and Sciences 

Ph.D. - The Rockefeller University 

M.D. - New York University School pf Medicine 



Intern & Resident, Internal Medicine 
Massachusetts General Hospital 
Clinical Fellow, Infectious Diseases 
Massachusetts General Hospital 



Postdoctoral Training; 
1986-1989 

Professional Appointments 

1990-1996 
1990-1999 
1996-present 

1999- present 

2000- present 
Univ. 



Harvard Medical School, Department of Genetics 



Assistant & Associate Professor, The Rockefeller University 
Assistant & Associate Investigator, Howard Hughes Medical Institute 
Professor & Senior Physician, The Rockefeller University 
Investigator, Howard Hughes Medical Institute 
Sherman Fairchild Professor of Immunology, The Rockefeller 



Honors & Awards 

Surama Cum Laude, New York University College of Arts and Sciences - 1975; Phi Beta Kappa, 
New York University College of Arts and Sciences - 1 975; Alpha Omega Alpha, New York 
University Medical School - 1982; Bertram M. Gresner Memorial Research Award, New York 
University School of Medicine - 1982; Elected Member American Society of Clinical 
Investigators - 1997, Solomon A- Berson Award for Basic Science - 2002 

Teaching: 

Immunology, Course Organizer 
Institutional: 

Chair, Transgenic Facility Coordinating Committee 
Chair, Animal Care and Use Committee 
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Chair, Hospital Seminar Committee 
Member, Immunology Search Committee 

Member, Institutional Review Board for Biohazards, Radioisotopes, Toxic Chemicals, and 
Carcinogens 

Member Hospital GCRC Scientific Advisory Committee 
Elected Senior Faculty Representative Academic Council 
Member, Virology Search Committee 

National 

Arthritis Foundation Molecular Immunology study section 1993-1996 
NIH Immunobiology Study Section Ad Hoc reviewer 1998, and 1999 
NIH ALY Study Section Ad Hoc Reviewer, 1 999 
NM NIAID Council Ad Hoc 1998 < ' 

Organizer Keystone Symposium on Dendritic Cells 1998 ' 
Organizer Keystone Symposium on B Cells 1 999 
March of Dimes Review Committee 195^9- 
V External Reviewer LMGDNICHD 2000 
Damon Runyon Cancer Research Fund Review Committee 2000-2002 
American Association of Immunologists Program Committee 2000- 
NIH ALY Study Section Member 2001- 
Organizer Keystone Symposium on B Cell Biology 2003 

Editorial: 

1 996-Present Editor, The Journal of Experimental Medicine 

1999- Present Editor, The Journal of Immunological Methods 

2000- Present Transmitting Editor, International Immunology 
2002-Present Advisory Editor, Nature Reviews Immunology 

Consultant: 

Abgenix, Fremont, CA 
Zycos, Lexington MA 

Professional Memberships: 

American Association of Immunologists 
American Medical Association 
The New York Academy of Sciences 
Kunkel Society 
Harvey Society 
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Publications: 

1 . Steinman, R.M., Witmer, M.D., Nussenzweig, M.C, Chen, L.L. & Cohn, Z. A. 
Dendritic Cells: an important new cell type in the mixed leukocyte reaction. In: Kaplan 
JG, ed. Proc. of the 13th International Leukocyte Culture conference. Elsevier/North 
Holland Publ Co. 273. (1979) 

2. Steinnian, R.M., & Nussenzweig, M.C. Dendritic cells features and functions. 
Immunol Rev. 53:127-147. (1980) 

3. Nussenzweig, M.C & Steinman, R.M Contribution of dendritic cells to stimulation of 
.the syngeneic mixed leukocyte reaction. J. Exp. Med. 151:1196-1212. (1980) ~ 

4. Nussenzweig, M.C, Steinman, R. t GutchinoV, B., & Cohn;£.A. Dendritic cells are 
accessory cell for the development of anti-trinitrophenyl cytotoxic T cells. J. £xp. Med. 
152:1070-1084. (1980) 

r \f" •' ' 

5. Steinman, R.M., Witmer, M.D., Nussenzweig, M.C, Chen, L.L., Schlesinger, SJ., & 
Cohn, Z.A. Dendritic Cells of the Mouse Identification and Characterization. J. Invest. 
Dermatol 75:14-16. (1980) 

6. Nussenzweig, M.C-, Steinman, R.M., Unkeless, J.C., Witmer, M., Gutchinov; B., & 
Cohn, Z. A. Studies of the cell surface of mouse dendritic cells and other leukocytes. J. 
Exp. Med 154:168-187.(1981) 

7. Steinman, R.NL, Witmer, M.D., Nussenzweig, M.C., Gutchinov, B., & Austyn, J.M. 
Studies with a monoclonal antibody to mouse dendritic cell Transplantation 31:151. 
(1981) 

8. Nussenzweig, M.C, & Steinman, R.M. Surface of dendritic cells. Immunology Today 
3:65 (1982) 

9. Nussenzweig, MC, Steinman, R.M., Witmer, M.D., & Gutchinov, B. A monoclonal 
antibody specific for mouse dendritic cells. Pro. Natl Acad. ScL, USA 79:161-165. 
(1982) 

10. Steinman, R.M., Gutchinov, B., Witmer, M.D., & Nussenzweig, M.C. Dendritic cells 
are the principal stimulators of the primary mixed leukocyte reaction in mice. J. Exp. 
Med. 157:613-627.(1983) 

1 1 . Nussenzweig, MC, Shaw, A.C., Sinn, E., Danner, D.B., Holmes, K.L., Morse, H.C., & 
Leder, P. Allelic exclusion in transgenic mice that express the membrane form of 
immunoglobulin. Science 236:816-819. (1987) 
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12. Nussenzweig, M.C, Shaw., A.C., Sinn, E., Torres, J., & Leder, P. Allelic exclusion in 
transgenic mice that carry human mutant human immunoglobulin genes. J. Exp. Med. 
167:1969-1974 (1988) 

13. Nussenzweig, M.C, Schmidt, E.V., Shaw, A.C., Sinn, E., Torres, J., Mathey-Prevot, B., 
Pattengale, P.K. ■& Leder, P. A human immunoglobulin gene reduces the incidence of 
lymphomas in c-Myc bearing transgenic mice. Nature 336:446-450. (1989) 

14. Morton, C.C., Nussenzweig, M.C, Sousa, R., Sorenson, G.D., Pettengill, O.S. & Shows, 
T.B. Mapping and characterization of an X-linked processed gene related to mycll. 

. Genomics 4:367-375. (1989) 

15. Shimizu; A., Nussenzweig, M.C., Tataunbbu-Ryiishin, M., Leder, P., & Honjo, T. 
Immunoglobulin double isotype expression by trajis-mRNa'in a human immunoglobulin 
transgenic mouse. Prod. Natl. Acad. Sci. USA.' 86:8020-8023.(1989) 

16. Shimizu, A., Kinashi, T., Nussenzweig, M.C, Tataunobu-Ryushin, M., Leder, P., & 
Honjo, T. Molecular mechanism for immuno-globulin double-isotope expression. Cold 
Spring Harbor Symposia on Quantitative Biology Vol. LIV 1 75. 

17. Friedlander, R., Nussenzweig, M.C, & Leder, P. Complete nucleotide sequence of the 
membrane form of the human IgM heavy chain. Nucleic Acids Res. Vol. 18(T4):4278. 
(1990) 

18. Shimizu, A., Nussenzweig, M.C, Han, H., Sanchez, M., & Honjo, T. Trans-splicing as 
a Possible Molecular Mechanisms for the Multiple Isotope Expression of the 
Immunoglobulin Gene. J. Exp. Med. 173:1385-1393. (1991) 

19. Costa, t., Sun, H-Y., & Nussenzweig, M.C Chromosomal Position of Rearranging 
Gene Segments Influences Allelic Exclusion in Transgenic Mice. Proc. Natl. Acad. Sci. 
USA 89:2205-2208. (1992) 

20. CostafT., Franke, R.R., Sanchez, M., Misulovin, Z., & Nussenzweig, M.C. Functional 
Reconstitution of an Immunoglobulin Antigen Receptor in T Cells. J. Exp. Med. 
175:1669-1676. (1992) 

21 . Sanchez, M., Misulovin, Z., Burkhardt, A.L., Mahajan, S., Costa, T., Franke, R.R., 
Bolen, J.B. & Nussenzweig, M.C Signal Transduction by Immunoglobulin Is Mediated 
Through Iga and Igp\ J. Exp. Med. 178:1049-105* (1993) 

22. Burkhardt, A.L., Costa, T., Misulovin, Z., Stealy, B., Bolen, J.B., & Nussenzweig, M.C. 
Iga and IgP are Functionally Homologous to the Signaling Protein of the T cell Receptor. 
Molecular & Cellular Biology Vol. 14(2):1095-1 103. (1994) 
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23. Kurosaki, T., Muta, T., Sanchez, M., Misulovin, Z., Nussenzweig, M.C., & Ravetch, 
J.V. A 13 amino acid motif in the cytoplasmic domain of FcyRDB modulates B cell 
receptor signalling. Nature Vol. 368:70-73. (1994) 

24. Spanopoulou, E., Roman, C.A.J., Corcoran, L., Schlissel, M.S., Silver, D.P., Storb, U., 
Nemazee, D., Nussenzweig, M.C., Shinton, S.A., Hardy, R.R.* & Baltimore, D. 
Expression of functional immunoglobulin transgenes allows ordered B-cell differentiation 
to progress in Rag- 1 deficient mice. Genes & Development Vol. 8:1030-1042: (1994) 

25. Wayne, J., Suh, H., Misulovin, Z., Sokol, K.A., Inaba, K., & Nussenzweig, M.C. A 
Regulatory Role for Recombinase Activating Genes, RAG-1 and RAG-2, in T Cell 
Development. Immunity Vol. 1:95-107! (1994) 

26. - Qin, X.F., Luo, Y., Suh, H.-Y., Wayne, J., Misulovin, £ J- Goiter, T., Rqeder, R.G & 

Nussenzweig, M.C. Transformation by homeobox genes can be mediated by selective 
transcriptional repression. EMBOJ. Vol. 13:5967-5976. (1994) 

27. Wayne, J., Suh, H.-Y., Sokoj, K., Petrie, H.T., Witmer-Pack, M., Edelhoff, S., Disteche, ; 
CM., & Nussenzweig, M.C. TRC Selection and Allelic Exclusion in RAG Transgenic 
Mice that Exhibit Abnormal T Cell Localization in Lymph Nodes and Lymphatics. J. 
Immunol. Vol. 153:5491-5502. (1994) 

28. Mitchell, R.N., Barnes, K.A., Grupp, S.A:, Sanchez, M., Misulovin, Z., Nussenzweig, 
M.C. & Abbas, A.K. Intracellular Targeting of Antigens by Membrane Immunoglobulin 
in B Lymphocytes J. Exp. Med. 181: 1705- 1714. (1 995) ' • 

29. Heufler, C, Humborg, C, Steinman, R.M., Schuler, G. and Nussenzweig, M.C. A 
molecular strategy to identify molecules that are specific for dendritic cells and/or critical 
to their unique immunostimulatory function. Adv. Exp. Med Biol. 378:367-369 (1995) 

30. Papavasiliou, F., Misulovin, Z., Suh, H.-Y., Nussenzweig, M.C. The role of IgP in 
Precursor B cell Transition and Allelic Exclusion. Science Vol. 268:408-41 1 (1995) 

3 1 . Jiang, W., Swiggard, W., Heufler, C, Peng, M., Steinman, R.M., & Nussenzweig, M.C. 
The receptor DEC-205 expressed by dendritic cells and thymic epithelial cells is involved 
in antigen processing. Nature 375:151-155. (1995) 

32. Inaba, K., Swiggard, W.J., Inaba, M., Meltzer, J., Mirza., Sasagawa, T., Nussenzweig, 
M.C, & Steinman, R.M. Tissue distribution of the«DEC-205 protein that is detected by 
the monoclonal antibody NLDC-145. I. Expression on dendritic cells and other subsets 
of mouse Leukocytes. Cell. Immunol. 163:148-156 (1995) . 

33. Swiggard, W.J., Asra, M., Nussenzweig, M.C., & Steinman, R.M. DEC-205, a 205 kDa 
Protein abundant on mouse dendritic cells and thymis epithelium that is detected by the 
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monoclonal antibody NLDC-145: Purification, characterization and N-terminal amino 
acid sequence. Cell. Immunol. 165:302-311 (1995) 

34. Papavasiliou, F., Jankovic, M., Suh, H.-Y., Nussenzweig, M.C. The Cytoplasmic 
Domains of Iga and IgP can Independently Induce the Precursor B cell Transition and 
Allelic Exclusion. J.Exp. Med. 182(5):1389. (1995) 

35. Gong, S., & Nussenzweig, M.C. Regulation of an Early Developmental Checkpoint in 
the B cell Pathway by Igp. Science 272:411-414 (1996) 

36. Nussenzweig, A., Chen, C, da Costa Soares, V., Sanchez, M., Sokol, KL, Nussenzweig, 
. M.C., & Li, G.C. Requirement for Ku80 in Growth and V(D)J Recombination. Nature 
382:551-555(1996) :• 

■ ' • •' - •.■ ..... . •'• ■ ' ■' • ' ••' >''■ ' 

37. Kim, U., Qin, X.; Gong, S., Stevens, S., Luo, Y., Nussenzweig, M ? C, & Roeder, R.G. 
The B cell specific transcription^coactivatof OCA-B is essential for normal production of 
immunoglobin isotypes. Nature 383:542-547 (1996) 

38. Papavasiliou, F., Jankovic, M., & Nussenzweig, M.C. Surrogate or Conventional Light 
Chains Are Required for Membrane Immunoglobulin Mu to Activate the Precursor B 
Cell Transition. /. Exp. Med. 184:2025-2030 (1996) 

39. Gong, S., Sanchez, M. & Nussenzweig, M.C. Counterselection against Du Is Mediated 
through Immunoglobulin (Ig)a-Igp. / Exp. Med. 184:2079-2084 (1996) 

40. Cortes, P., Weis-Garcia, F., Misulovin, Z., Nussenzweig, A., Lai, J.S., Li, G.,- 
Nussenzweig, M.C., & Baltimore, D. In vitro V(D)J recombination: signal joint 
formation. Proc. Natl. Acad. Sci. USA 93: 14003-13 (1996) 

41. Sawchuk, D.J. Weis-Garcia, F. Malik, S., Besmer, E. Bustin, M. Nussenzweig, M.C. & 
Cortes, P. V(D)J recombination: Modulation of RAG1 and RAG2 cleavage activity on 
12/23 substrates by whole cell extract and DNA bending proteins. J. Exp. Med. 185:2025- 
2032(1997) „ 

42. Weis-Garcia, F., Besmer, E. Yu, W., Sawchuk, D., Hu, Y., Nussenzweig, M.C. & Cortes, 
P. V(D)J recombination: In vitro coding joint formation. MCB 17:6379-6385(1997) - 

43. Papavasiliou, F., Jankovic, M., Gorigi S. & Nussenzweig, M.C. Control of 
immunoglobulin gene rearrangements in developing B cells, review. Current Opinions in 

' Immun. 9:233-244(1997) 

44. Nussenzweig, M.C. Tails to teach a B cell. Current Biology. (1997) 
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45. Nussenzweig, M.C. & Allison, Jim. Lymphocyte activation and effector functions. 
How signals are integrated in the immune system (Editorial Overview) Current Opinions 
in Immun. 9:293-295 (1997) 

46. Papavasiliou, F., Casellas, R., Sun, H., Qin, X., Besmer, E., Pelanda, R. Nemazee, D., 
Rajewsky, K., and Nussenzweig, M.C. V(D)J Recombination in Mature B cells: a 

. Mechanism for Altering Antibody Responses. Science 278:298-301 (1997) 

47. Honghai, O., Nussenzweig, A., Kurimasa, A., Soares, V., Li, X., Cordon-Cardo, C, Li, 
W., Cheong, N., Nussenzweig, M.C., fliakis, G., Chen, D. J. & Li, G.C. Ku70 is required 
for DNA repair but not for T cell antigen receptor gene recombination in vivo. V. Exp. 

"Med. 186:921-929(1997) 

48. ; Lee, S.Y., Reichlin, A., Santana, A., Sokol; K.A., Nussenzweig, M.C. & .Choi, Y. 

TRAF2 is essential for JNK but not NF-KB activation and regulates lymphocyte 
proliferation and survival. Immunity 7:703-713 (1997) 

49. Casellas, R , Nussenzweig, A., Wuerffel, R., Pelanda, R., Reichlin, A., Suh. H., Qin, X- 
F., Besmer, E., Kenter, A., Rajewsky, K. and Nussenzweig, M.C. Ku80 is required for 
immunoglobulin isotype switching. EMBO Vol 17 8:2404-241 1 (1998) 

50. Meffre, E., Papavasiliou, F., Cohen, P., de Bouteiller, O., Bell, D., Karasuyama, H., 
Schiff, C, Banchereau, J., Liu, Y-J., and Nussenzweig, M.C. Antigen receptor 
engagement turns off the V(D)J recombination machinery in human tonsil B cells. J. Exp. 
Med. 188:765-772(1998) 

51. Qin, X-F., Reichlin, A., Luo, Y., Roeder, R.G. and Nussenzweig, M.C. OCA-B 
integrates B cell antigen receptor-, CD40L-, and-IL-4-mediated signals for the germinal 
center pathway of B cell development EMBO 17:5066-5075(1998) 

52. Besmer, E., Mansilla-Soto, J , Cassard, S., Sawchuk, D., Brown, G., Sadofsky, M., 
Lewis, S., Nussenzweig, M.C. and Cortes, P. Hairpin coding end opening by the 
recombination activating genes RAG1 and RAG2. Molecular Cell 2:817-828 (1998) 

53. Qin, X-F., Schwers, S., Yu, W., Papavasiliou, F , Suh, H., Nussenzweig, A., Rajewsky, . . 
K;, and Nussenzweig, M.C. Secondary V(D)J recombination in B-l cells. 

Nature 397:355-359 (1999) 
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Meffire, E., & Nussenzweig, M.C. Continued RAG expression in late stages of B 

cell development and no apparent re-induction after immunization. Nature 400:682-687 
(1999) 
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56. Yu, W., Misulovin, Z., Suh, H., Hardy, R.R., Jankovic, M., Yannoutsos, N & Nussenzweig, 
M.C. Coordinate regulation of RAG1 and RAG2 by cell type-specific DNA elements 5* of 
RAG2. Science 285:1080-1084 (1999) 

57. . Tiefenthaler, M., Marksteiner, R., Neyer, S., Koch, F., Hofer, S., Schuler, G., 

Nussenzweig, M.C., Schneider, R., & Heufler, C. M 1204, a Novel 2\5' Oligoadenylate 
Synthetase with a Ubiquitin-Like Extension, Is Induced During Maturation of Murine 
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59. Yu, W., Nagaoka, H., Misulovin,.?., Mefft&; E., Suh, H., Jankovic, M., Yannoutsos, N., 
Casellas, R., Besmer, E., Papavasilioii, F., Qih, X., & Nussenzweig, M.C. RAG Expression 
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Of Mice and Not Men: Differences between Mouse and 
Human Immunology 

Javier Mestas and Christopher C. W, Hughes 1 



Mice are the experimental tool of choice for the majority of 
immunolopsts and the study of their immune responses 
has yielded tremendous insight into the workings of the 
human immune system. However, as 65 million years of 
evolution might suggest, there are significant differences. 
Here we outline known discrepancies in both innate and 
adaptive immunity, including: balance of leukocyte sub- 
sets, dejensins, Toll receptors, inducible NO synthase, the 
NK inhibitory receptor families Ly49 and KIR, FcR, Ig 
subsets, the B cell (BLNK, Btk, and A5) and T cell 
(ZAP70 and common y-chain) signaling pathway com- 
ponents, Thy-1, yS T cells, cytokines and cytokine recep- 
tors, ThllTh2 differentiation, costimulatory molecule 
expression and junction, Ag-presenting Junction of endo- 
thelial cells, and chemokine and chemokine receptor ex- 
pression. We also provide examples, such as multiple scle- 
rosis and delayed-type hypersensitivity, where complex 
multicomponent processes differ. Such differences should 
be taken into account when using mice as preclinical mod- 
els of human disease. The Journal of Immunology, 2004, 
172: 2731-2738. 



Mice are the mainstay of in vivo immunological ex- 
perimentation and in many respects they mirror hu- 
man biology remarkably well. This conservation of 
function is reflected in recent reports on the sequencing of both 
the human and mice genomes, which reveal that to date only 
300 or so genes appear to be unique to one species or the other 
(1). Despite this conservation there exist significant difFerences 
between mice and humans in immune system development, ac- 
tivation, and response to challenge, in both the innate and 
adaptive arms. Such difFerences should not be surprising as the 
two species diverged somewhere between 65 and 75 million 
years ago, difFer hugely in both size and lifespan, and have 
evolved in quite different ecological niches where widely differ- 
ent pathogenic challenges need to be met — after all, most of us 
do not live with our heads a half-inch off the ground. However, 
because there are so many parallels there has been a tendency to 
ignore differences and in many cases, perhaps, make the as- 
sumption that what is true in mice — in vivo Veritas — is neces- 



sarily true in humans. By making such assumptions we run the 
risk of oveHooking aspects of human immunology that do not 
occur, or cannot be modeled, in mice. Included in this subset 
will be difFerences that may preclude a successful preclinical 
trial in mice becoming a successful clinical trial in human. 

In this review our aim is not to suggest that the mouse is an 
invalid model system for human biology. Qearly, with so many 
paradigms that translate well between the species, and with the 
relative ease with which mice can now be genetically manipu- 
lated, mouse models will continue to provide important infor- 
mation for many years to come. Rather, our aim is to sound a 
word of caution. As therapies for human diseases become ever 
more sophisticated and specifically targeted, it becomes increas- 
ingly important to understand the potential limitations of ex- 
trapolating data from mice to humans. The literature is littered 
' with examples of therapies that work well in mice but fail to 
provide similar efficacy in humans (2-7). By focusing on some 
known difFerences between mouse and human immunology we 
hope to spur interest in this area and encourage others to note 
difFerences where they occur. 

Structure and general characteristia 

The overall structure of the immune system in mice and hu- 
mans is quite similar. As this topic has been recently reviewed in 
depth (8), we will not go into great detail here. One difference 
worth noting is that whereas mice have significant bronchus- 
associated lymphoid tissue, this is largely absent in healthy hu- 
mans (9), possibly reflecting a higher breathable Ag load for an- 
imals living so much closer to the ground. 

The balance of lymphocytes and neutrophils in adult animals 
is quite different: human blood is neutrophil rich (50-70% 
neutrophils, 30-50% lymphocytes) whereas mouse blood has a 
strong preponderance of lymphocytes (75-90% lymphocytes, 
10-25% neutrophils) (10). It is not clear what, if any, func- 
tional consequence this shift toward neutrophil-rich blood in 
humans has had. 

Tyrosine kinase receptor expression on putative hemopoietic 
stem cells (HSC) 2 shows a reciprocal pattern, with mouse HSC 
being prcdominandy c-kii^ % JU-5~ 9 whereas human HSC are 
predominandy c-kit 10 * \ flt-3* (11). 
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Innate immunity 

One of the first Lines of defense in higher organisms, and often 
the only defense in lower animals, is the growing family of an- 
timicrobial peptides, and in particular the defensins. These are 
important in mucosal defense in the gut and in epithelial de- 
fense in skin and elsewhere (12, 13). Neutrophils are a rich 
source of leukocyte defensins in humans, but defensins are not 
expressed by neutrophils in mice (14). In contrast, Paneth cells, 
which are present in the crypts of the small intestine, express 
>20 defensins (cryptdins) in mice but only two in human, 
likely reflecting different evolutionary pressures related to mi- 
croorganism exposure through food intake. There are also dif- 
ferences in processing of defensins (Table I). 

The last few years have seen a renewed focus on the field of 
innate immunology, spurred in large pan by identification of 
the Toll-like family of receptors — the TLRs (15). This field is 
still relatively young and so far a limited number of differences 
have been noted between mice and humans (Table I). 

There has been considerable controversy as to whether hu- 
man macrophages express NO. Expression of functional induc- 
ible NO synthase (iNOS; NOS2) in mouse macrophages has 
been clearly demonstrated and iNOS mRNA is readily induced 
by IFN-y and LPS (16). However, these same inflammatory 
mediators have failed to show consistent effects on human mac- 
rophages, hence the confusion. Recent work suggests that other 
mediators, such as IFN-a/3, IL-4 plus anti-CD23, and various 
chemokines, are actually far more efficient in inducing iNOS in 
human macrophages (17). However, the controversy is not 
dead yet (18). 

Using different strains of mice a susceptibility locus for CMV 
infection, emvl, was identified and later shown to encode the 
Ly49 family of proteins (19). There are at least 14 members and 
most are expressed on NK and NKT cells, where the majority 
act as NK inhibitory receptors for MHC I molecules. The Ly49 
family is absent in humans, who use the KIR family as NK in- 
hibitory receptors (20). KIR proteins are highly diverged from 
the Ly49 family and have Ig rather than C-type lectin domains 
in their extracellular domain; however, similarly to Ly49 they 
also recognize MHC class I. The ligands for mouse and human 
NKG2D differ: in humans, NKG2D binds the polymorphic 
MHC class Mike molecules MHC-I chain-related A, MHC-I 
chain-related B, and the UL16 binding protein family, whereas 
in mouse NKG2D binds to H-60 and Rael/3. The significance 
of these differences to CMV infection and to NK biology in 
general have not been determined. 

Adaptive immunity 

FcR represent a link between the adaptive immune system, 
which generates Ab, and the innate immune system, which can 
respond to Ab-Ag complexes through capture by FcR expressed 
on macrophages, neutrophils, eosinophils, mast cells, and den- 
dritic cells. There are several differences in FcR expression be- 
tween mice and humans. In humans, FcaRI (CD89) is an im- 
portant IgA receptor expressed by neutrophils, eosinophils, 
monocytes/macrophages, dendritic cells, and Kupffer cells 
(21). Mice lack FcaRI and presumably use alternative recep- 
tors, such as Fco//iR, the transferrin receptor (CD71) and 
polymeric IgR, which also binds IgM. Humans also express two 
IgG receptors not found in mice: Fc-yRIIA and FcyRIIC are 
closely related single-chain FcR, each of which has a single 
ITAM motif in the intracellular domain. In contrast, most 
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other FcR associate with ITAM-containing signal transduction 
subunits (22). 

In addition to differences in FcR there are well-known dif- 
ferences in expression of Ig isotypes between mice and humans, 
and direct correlations between subtypes within classes in each 
species are hard to make. Mice make IgA, IgD, IgE, IgM, and 
four subtypes of IgG: IgGl , IgG2a, IgG2b, and IgG 3- Interest- 
ingly, in the C57BL/6, C57BL/10, SJL, and NOD strains of 
mice there is no expression of IgG 2a, instead these mice express 
the novel IgG2c (23). Humans in contrast express two subtypes 
of IgA — IgAl and IgA2 — along with single forms of IgD, IgE, 
and IgM. In humans there are also four subtypes of IgG: IgG 1, 
IgG 2, IgG3, and IgG4; however, these are not direct homo- 
logues of the mouse proteins. While different subtypes have dif- 
fering abilities to bind FcR or fix complement, the differences 
between mice and humans are not considered significant. In 
contrast, there are differences in class switching: in mice, IL-4 
induces IgGl and IgE, whereas in humans, IL-4 induces 
switching to IgG4 and IgE. In contrast, IL-13 has no effect on 
mouse B cells but induces switching to IgE in humans (24). 

There are some interesting differences in B cell development 
that relate to the roles of several signaling molecules. BLNK (Src 
homology-2 domain containing leukocyte-specific phospho- 
protein-65) is an adapter protein that is rapidly phosphorylated 
by Syk after cross-linking of the B cell Ag receptor. It then serves 
as a scaffold for downstream signaling components such as 
Grb2, Vav, Nek, and PLC-y. B cell development in mice lack- 
ing BLNK is blocked at the pro-B to pre-B transition, resulting 
in low numbers of IgM + B cells, but no mature IgM low IgD hi ^ 
B cells, appearing in the periphery (25). A naturally occurring 
mutation in the human BLNK protein has been identified that 
results in a splicing defect preventing protein expression. In this 
patient there was also a block in the pro-B to pre-B transition; 
however, there was also a complete absence of B cells in the pe- 
riphery, suggesting a more severe block in human B cell devel- 
opment than in mice (26). 

Similarly discrepant phenorypes have been noted in mice 
lacking functional BCR-associated tyrosine kinase Btk (27) and 
in mice lacking A5 (28), the L chain component of the pre-BCR 
(Table I). Differences in mature B cells between mice and hu- 
mans were recendy reviewed (29), and include mutually exclu- 
sive expression of CD5 and CD23 on mouse but not human B 
cell subsets, and CD38 expression on human, but not mouse, 
plasma cells. 

The discrepant phenotypes discussed above for BLNK, Btk, 
and A5 should be treated with some caution as the human dis- 
eases usually arise due to mutations in the relevant genes rather 
than deletions of whole exons as seen in the mouse knockout 
models. In some cases, however, identical mutations have been 
found, or created, in mice and the discrepant phenotype re- 
mains. This is the case for human XLA and mouse XID, which 
both involve Btk (30, 31). 

The development and regulation of T cells also differs be- 
tween mice and humans. Thy-1 is a G PI -linked Ig superfamily 
molecule of unknown function. It is expressed on thymocytes 
and peripheral T cells in mice and has been widely used as a T 
cell marker in the thymus. In humans, however, it is only ex- 
pressed on neurons. The basis of this tissue specificity is sug- 
gested to be the presence or absence of an Ets-1 binding site in 
the third intron of the gene (32). 
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Mouse 



Human 



Notes 



Refs. 



Hemotopoiesis in spleen 
Presence of BALT 
Neutrophils in peri ph. blood 
Lymphocytes in periph. blood 
Hemotopoietic stem cells 
TLR2 expression on PBL 

TLR3 

TLR9 

TLR10 

Sialic acid NeuSGC expression 
CD33 

Leukocyte defensins 
Paneth cell defensins 

Paneth cell defensins 
Macrophage NO 

CD4 on macrophages 
Predominant T cells in skin and 
mucosa 

y/5 T cells respond to phospho- 

antigens 
CD1 genes 

NK inhibitory Rs for MHC 1 

NKG2Dligands 

fMLP receptor affinity 

FcaRI 

FcyRIlA, C 

Serum IgA 

Ig classes 



Ig CDR-H3 region 
BLNK deficiency 
Btk deficiency 
A5 deficiency 

CD38 expression on B cells 

B cell CD5 and CD23 expression 
IL-13 effect on B cells 
Thy 1 expression 

Effect of 7 C deficiency 

Effect of Jak3 deficiency 
Effect of IL-7R deficiency 
ZAP70 deficiency 

Caspase 8 deficiency 

Caspase 10 

IFN-a promotes Thl 

differentiation 
Th expression of IL-10 
IL-4 and IFN-y expression by 

cultured Th 
CD28 expression on T cells 
ICOS deficiency 

B7-H3 effects on T cells 
ICAM3 

P-selectin promoter 
GlyCAM 

MHC II expression on T cells 
KvlJ K* channel on T cells 
MUC1 on T cells 
Granulysin 



Active into adulthood 

Significant 

10-25% 

75-90% 

c-to**//-.*- 

Low (induced on many cells 

including T cells) 
Expressed on DC, Mac. Induced by 

LPS 

Expressed on all myeloid cells, 
plasmacytoid DC and B cells 
Pseudogene 
Widespread 

Expressed on granulocytes 
Absent 

Processed by MMP7, Stored pre- 



At least 20 

Induced by IFN-y and LPS 
Absent 

7/5 TCR (dendritic epidermal T 

cells— DETC) 
No 

CDld 

Ly49 family (except Ly49D and H) 

U-60, Rael/3 

Low 

Absent 

Absent 

Mostly polymeric 

IgA, IgD, IgE, IgGl, JgG2a\ IgG2b, 
IgG3, IgM ♦ absent in C57BL/6, 
/10, SJL and NOD mice, which 
have lgG2c 
Shorter, less diverse 
IgM^ B cells in periphery 
Normal pre-B and immature B 
"leaky** block at pro-B to pre-B 

transition 
Low on GC B cells, off in plasma 
cells 

Mutually exclusive 
None 

Thymocytes, peripheral T cells 

Loss of T, NK, and B cells 

Phenocopies y c deficiency 
Blocks T and B cell development 
No CD4 + or CD8 + T cells 

Embryonic lethal 
Absent 
No 

Th2 

Either/or 

On 100% of CD4 + and CD8 + 
Normal B cell numbers and function, 

* normal IgM levels 
Inhibits activation 
Absent 

Activated by TNF and LPS 

Present 

Absent 

Absent 

Absent 

Absent 



Ends before birth 

Largely absent in healthy tissue 

50-70% 

30-50% 

c-ttf^.Jft-r 

Constitutive (but not on T cells) Binds lipopeptides 

Expressed by DC. No LPS induction Binds dsRNA 

Expressed only on B cells, Binds CpG 

plasmacytoid DC and N 
Widely expressed 

Absent Binds pathogens 

Expressed on monocytes Binds sialic acids 

Present neutrophils 
Stored as pro-form. Processed by 

trypsin 
Two 

Induced by IFN-a/jS, IL-4* anti- 

CD23 
Present 
a/0 TCR 

Yes 

CDla,b,c,d 
KIR 

MIC A, MIC B, ULBP NK activating Rs 

High 

Present 

Present 

Mostly monomelic 
IgAl, IgA2, IgD, IgE, IgGl, IgG2, 
)gG3, tgG4, IgM 



Yes 

Thl and Th2 
Sometimes both 

On 80% of CD4*. 50% of CD8+ 
B cells immature and severely 
reduced in number, low IgM 
Promotes activation 
Present 

Unresponsive to inflammation 

Absent 

Present 

Present 

Present 

Present 



Mutant stat2 in mice 



Possibly age-related 



DC-SIGN ligand 



Regulates Ca flux 
Regulates migration? 
In CTL 



9 

10 

10 

11 

88 

88, 89 
90,91 



92 
93 
14 

94, 95 

13 
17 

96 
40 

97 

41 
20 
98 
99 
21 
22 
21 
23 



Longer, more diverse 
No peripheral B cells 
Blocks pro-B to pre-B transition 
Blocks pro-B to pre-B transition 

High on GC B cells and plasma cells 

Co-expression 

Induces switch to IgE 

Absent from all T cells, expressed 

on neurons 
Loss of T, NK, but B cell numbers 

normal 
Phenocopies y c deficiency 
Only blocks T cell development 

No CD8 + T but many nonfunctional Related to syk level? 
CD4 + 

Viable — immunodeficiency 
Present 



100 
25,26 
28 
28 

29 

29 
24 
32 

33, 34 
31 

35, 36 
37, 38 

62,63 

62 

44 

51 



54 

55-57 

101-2 
103-4 

58 

105 
59-61 

64, 65 

106 

43 



(Table continues) 
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Table I. Continues 





Mouse 


Human 


Notes 


Refe. 


CXCR1 


Absent 


Present 




66,67 


IL-8, NAP-2, ITAC, MCP-4, 


Absent 


Present 


Chemokines 


66, 67 


HCC-l,HCC-2, MPIF-1, 








PARC, eotaxin-2/3 










MRP-1/2, lungkine, MCP-5 


Present 


Absent 


Chemokines 


66,67 


IFN-y effects in dcmyclinating 


Protective in EAE 


Exacerbates MS 




4,69- 


disease 








70 


DTH lesions 


Neutrophil-rich 


Lymphocyte-rich 




73,74 


Constitutive MHC II on EC 


Absent 


Present 




80 


EC present Ag to CD4+ T 


No 


Yes 


Memory T only 


75-77 


CD58 (LFA-3) 


Absent 


Present 


CD2 Hgand 


82 


T cell dependence on CD2-ligand 


Low 


High 


82 


interactions 










CD2-Iigand interaction 


Lower affinity, with CD48 


Higher affinity, with CD58 




82 


CD40 on EC 


Absent 


Present 




83,84 


Vascularized grafts tolerogenic? 


Yes 


No 




5 


Microchimerism induces graft 


High success rate 


Low success (expts. in non-human 




7 


tolerance? 




primates) 






Passenger leukocytes 


Account for graft immunogenicity 


Do not account for graft 
immunogenicity 




6 



Similar to the development of B cells, mutation of key sig- 
naling molecules in T cells has markedly different effects in 
mice and humans. Several cytokine receptors, including those 
for IL-2, IL-4, IL-7, IL-9, and IL-15, share a common signaling 
chain called common 7 chain (yj. Perhaps not surprisingly, 
deletion or mutation of this gene, which is on the X chromo- 
some, results in severe immunological defects. Interestingly, 
these differ between human and mouse XSCID (33, 34). Nu- 
merous mutations have been identified in the human y c gene 
that inhibit function, and in most of these cases the result is a 
dramatic decrease in the number of T cells and NK cells. How- 
ever, B cell development is normal, although function is im- 
paired, likely due to the lack of T cell help. In marked contrast, 
B cell numbers are gready diminished in y c -null mice. Given 
that IL-7R deficiency in mice blocks both T and B cell devel- 
opment (35), but only blocks T cell development in humans 
(36), it is likely that B cell development in humans is indepen- 
dent of IL-7. The major signal transducer for y c is JAK3 and 
mutation of this gene phenocopies the y c mutation in both 
mice and humans; that is, a lack of T and NK cells in human 
with the addition of a severe B cell defect in mice (31). 

Interesting differences have also been noted in ZAP70-defi- 
cient mice and humans. ZAP70 is essential for TCR signaling 
in both developing and mature T cells, and compromised sig- 
naling results in SCID. In humans the defect results in normal 
numbers of CD4 + T cells and absent CD8 + T cells. However, 
the CD4 T cells are nonfunctional. In contrast, an identical 
mutation introduced into the mouse ZAP70 results in a block 
in differentiation of both T cell subsets at the double-positive 
stage (37). It has been suggested that the a leakiness B of the hu- 
man mutant is due to incomplete down-regulation of the pro- 
tein tyrosine kinase Syk in human thymocytes, compared with 
mouse thymocytes (38). 

The study of y/8 T cells has revealed a number of significant 
differences between mice and humans. T cells expressing y/8 
TCR are found in all organisms that have cr//3 receptors and yet 
their function is still largely an enigma (39). Mouse skin con- 
tains a large fraction of cells bearing a TCR encoded by a single 
Vy and V5 gene. These Vy5-V5l T cells appear to be oligo- 
donal, reside in the epidermis, and axe known as dendritic epi- 
dermal T cells (DETC). DETC represent the predominant T 



cell in mouse skin, whereas cells bearing a/j3 receptors predom- 
inate in human skin and are found mosdy in the dermis. In- 
deed, a cell with DETC characteristics has not been identified 
in humans (40). Human but not mouse yfd T cells have been 
suggested to recognize Ag presented by CD1 molecules — in 
particular CD lb (41). Interestingly, of the five CD1 molecules 
found in humans (designated CD la, b, c, d, and e), only CD Id 
is expressed in mice (41). Similarly to y/5 T cells the CDl fam- 
ily of molecules has been implicated in the pathogenesis of tu- 
berculosis, but their precise role has yet to be defined (42, 43). 
The differing expression of CDl genes between mice and hu- 
mans may well turn out to impact activation of both affi and 
y/5 T cells in tuberculosis, as both subsets can recognize a va- 
riety of Ags presented by CDl molecules. 

An often critical component of adaptive immunity is the 
skewing of T cell differentiation toward Thl or Th2 pheno- 
types and this process represents another area of interaction be- 
tween the innate and adaptive arms of immunity. In humans, 
the type I IFN, IFN-a, is secreted by several cell types in re- 
sponse to viral infection, including macrophages, and acts on T 
cells to induce Thl development. This process is dependent 
upon STAT4 activation, and its recruitment to the IFN-a re- 
ceptor by STAT2. In mice, however, IFN-a fails to induce Thl 
cells and does not activate STAT4 (44). 

The existence of polarized T cell populations was first dem- 
onstrated by Mosmann and colleagues (45) and since then has 
become a guiding principle for T cell activation. While polar- 
ization is relatively easy to observe in mice the paradigm has 
never been as clear-cut in the human system. Thl and Th2 cells 
can certainly be found in human disease (46, 47); however, 
there is a growing recognition that in many diseases clear dis- 
tinctions cannot be made and that T cells of both persuasions 
can often be generated simultaneously (48-50). For example, 
in mice, IL-10 is considered to be a Th2 cytokine, whereas in 
humans both Thl and Th2 cells can make IL-10 (51). The re- 
sponse of mice and humans to schistosomiasis is remarkably 
different. Epidemiological data suggest that a Th2 response 
involving eosinophils and IgE may be key to combating in- 
fection in humans (52), whereas in mice effector cell activa- 
tion by IFN-y, a Thl response, is essential for clearance of 
the parasite (53). 



The Journal of Immunology 



2735 



To become fully activated T cells require both a primary, Ag- 
dependent signal, and a second, Ag-independent or costimula- 
tory signal. One of the best characterized costimulatory recep- 
tors is CD28, which is expressed by close to 100% of mouse 
CD4 + and CD8 + T cells. In contrast, only 80% of human 
CD4 + and 50% of human CD8 + T cells express CD28 (54), 
perhaps accounting for the remarkable efficacy of CTLA-4Ig in 
blocking T cell activation in mice. It will be interesting to see if 
expression of the CD28-related costimulatory molecule ICOS 
segregates with CD28" T cells in humans. The recent report on 
the identification of a human ICOS deficiency pointed to a fur- 
ther difference between costimulation in mice and humans. 
Whereas in mice the loss of ICOS does not affect either the 
number of mature B cells, their maturation status or their se- 
cretion of IgM (55, 56), the loss of ICOS in humans results in 
a severe reduction in B cell number, maturation status and se- 
cretion of IgM (57). Given the critical role of T cell CD40L in 
T-B interactions it would be interesting to know what the level 
of CD40L expression was on this patient's T cells and whether 
expression of this molecule is dependent upon ICOS signaling 
in humans. Two novel members of the B7 family of costimu- 
latory molecules, B7-H3 and DC-SIGN, have recently also 
been suggested to have different roles in mice and humans 
(Table I). 

P-selectin is constitutively expressed by endothelial cells (EC) 
and mediates leukocyte rolling by interactions with specific 
sugar residues carried by mucins. Interestingly, murine P-selec- 
rin can be strongly up-regulated by inflammatory mediators 
such as TNF and LPS, whereas the human gene is nonrespon- 
sive (58), It is interesting to speculate as to whether E-selectin in 
humans, which is strongly up-regulated by TNF, is the more 
important selectin on human EC for mediating leukocyte 
rolling. 

Once activated, human T cells express MHC class II mole- 
cules whereas murine T cells do not. It has been suggested that 
human T cells can capture, process, and present Ag and that 
they express B7 and may therefore help to amplify an ongoing 
immune response (59, 60). In contrast, Ag presentation by T 
cells may also promote T cell anergy (6 1) or activation-induced 
cell death. It is not clear why this function is nonessential in 
mice, but it is an attractive hypothesis that it may relate to T cell 
homeostasis and the requirement in humans for maintaining, in 
a limited compartment, a greater diversity of memory T cells for 
a considerably longer period of time than is required in mice. T 
cell homeostasis requires programmed cell death (apoptosis) of 
unwanted cells. Caspase 8 and caspase 10 are downstream of 
death receptors in humans and overlap in some of their func- 
tions (62). Mice lack caspase 10 and the deletion of caspase 8 is 
embryonic lethal. Lack of caspase 8 in humans results in immu- ' 
nodeficiency, suggesting a role for this effector in lymphocyte 
activation as well as death (63). Greater redundancy in death 
receptor regulators in humans may relate to the longer lifespan 
and associated increased risk of developing cancer. 

A critical step in activation of a T cell is the generation of a 
sustained calcium flux. In human T cells the inward flow of 
calcium ions is balance by an outward flow of K + , mediated in 
large part by the Kvl.3 K + channel. Inhibitors of this channel 
very specifically block T cell activation in vitro and are being 
pursued as novel immunosuppressive agents (64). However, in 
vivo evidence to support such a function is missing as mouse T 
cells do not express this channel (65). 



The movement of immune cells into and through tissues is 
coordinated by a huge array of chemokines and chemokine re- 
ceptors and, not surprisingly, differences have emerged between 
the murine and human systems. While it is still too early to say 
definitively what such differences may mean, as there appears to 
be considerable redundancy built into the system, it is worth 
noting what is currently known. CXCRl is present in humans 
but not in mice (66). The chemokines IL-8 (CXCL8), neutro- 
phil-activating peptide-2 (CXCL7), IFN-inducible T cell 
a-chemoattractant (OCCLll), monocyte chemoattractant 
protein (MCP)-4 (CCL13), HCC-1 (CCL14), hemofiltrate 
CC chemokincs-2 (CCL15), pulmonary and activation-regu- 
lated chemokine (CCL18), myeloid progenitor inhibitory fac- 
tor-1 (CCL23), and eotaxin-2/3 (CCL24/CCL26) have all 
been identified in humans but not in mice. Conversely, CCL6, 
CCL9, lungkine (OCCL15), and MCP-5 (CCL12) have been 
identified in mice but not humans (66, 67). 

Differences in immune system biology 

Multiple sclerosis (MS) provides a fine example of both differ- 
ences and similarities between mouse and human immunology. 
MS is a multifactorial disease that appears to have a large auto- 
immune component (68). Experimental autoimmune (allergic) 
encephalomyelitis is a widely used model for MS that mimics 
the demyelination seen in central and peripheral nerves in MS. 
Several studies have indicated that IFN-y is protective in exper- 
imental autoimmune (allergic) encephalomyelitis as neutraliz- 
ing Abs exacerbate disease, potentially by blocking induction/ 
activation of suppressor activity (69, 70). It was surprising, 
therefore that clinical trials were not successful; indeed they 
were stopped because treatment with IFN-y was found to ex- 
acerbate disease (4). In contrast, studies in mice suggested that 
blocking VLA-4 (a 4 /3, integrin)-VCAM-l interaction might 
help in MS (71) and this has indeed carried through successfully 
into human trials (72), These studies highlight how caution is 
required when extrapolating results from mouse studies to the 
clinic, but suggest that mouse models can successfully predict 
some therapies for human disease. 

An interesting difference exists in the appearance of delayed- 
type hypersensitivity (DTH) reactions in mice and humans. In 
humans, around four hours after Ag challenge neutrophils can 
be seen forming a w cufF around the venules. This is followed by 
a dramatic influx of mononuclear cells, such that by 24-48 h 
the lesion is mostly mononuclear with a mix ofT cells and mac- 
rophages (73). Paradoxically, in mice where the peripheral 
blood has a relative paucity of neutrophils compared with hu- 
mans, the DTH response tends to be more neutrophil rich (74). 
In addition, elicitation of murine DTH requires much higher 
concentrations of Ag than in humans. 

There is now considerable evidence that human EC can 
present Ag to resting memory CD4 + and CD8 + T cells (75- 
77), whereas in mice, CD8 + T cells can be activated by EC 
(78), but CD4 + T cells cannot (B. Rosengard, personal com- 
muniction). As CD4 + T cell-mediated activation of macro- 
phages is thought to drive human DTH responses the sugges- 
tion has arisen that in humans, Ag transport to lymph nodes by 
Langerhans cells may not be necessary as EC may trigger the 
recall response at the site of challenge. A teleological argument 
can be made for the need to present Ag locally in humans but 
not necessarily in mice. It has been estimated that once a cell 
enters the lymphatics in humans it takes —24 h to return to the 
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circulation if it is not retained in a node (79). Based on the 
higher cardiac output of mice as a proportion of their total 
blood volume compared with humans (5-10 ml/min, 2 ml total 
volume in mice; 5 L/min, 5 liter total volume in humans) it is 
reasonable to suppose that return of lymph is at least as fast in 
mice as it is in humans. Then it becomes a matter of scale. We 
calculate that an Ag traveling from toe to an inguinal lymph 
node in the groin should take ~ 12 h in humans and 20 min in 
mice. As the human DTH response begins around 4 h after sec- 
ondary Ag challenge, it is possible that triggering of recall re- 
sponses may occur by different mechanisms in mice and hu- 
mans, involving draining of Ag to lymph nodes in mice, 
compared with local Ag presentation in humans. 

Both human and mouse EC express MHC class I. Most hu- 
man EC in vivo also constitutively express MHC class II mol- 
ecules, whereas mouse EC do not (80). Thus, human EC can 
present Ag to CD4 + T cells, as well as to CD8 + T cells. A major 
costimulatory molecule on human EC is CD58 (LFA-3), a li- 
gand for CD2 (81). Mice do not have the gene for CD58, 
which arose by CD2 gene duplication after the two lineages 
split. In mice the CD2 ligand is CD48; however, the distribu- 
tion of this molecule differs from that of CD58 in humans, and 
the two-dimensional affinity for the mouse CD2-CD48 inter- 
action is 40- to 50-fbld lower than that for human CD2-CD58 
interactions (82). In addition, gene deletion and Ab blocking 
studies have shown that mouse T cell activation is much less 
dependent on CD2 interactions than is the case for human T 
cells. Human EC also express CD40 and the ICOS ligand GL- 
50, whereas murine EC do not (83, 84). 

The Ag presenting ability of human EC may have significant 
consequences for transplantation. For example, in many rodent 
models vascularized grafts are tolerizing, whereas such grafts are 
rapidly rejected in humans (5). Numerous studies have shown 
that purging mouse tissues of CD45 + cells before transplanta- 
tion dramatically extends the life of the graft, sometimes even 
inducing tolerance. In sharp contrast, purging human tissues of 
CD45 + cells provides no benefit as the grafts are still rapidly 
rejected (6). In addition, the establishment of micro chimerism 
in mice has been quite successful in inducing tolerance, whereas 
this has not been the case in humans (7). The implication of 
these findings is that there are major differences between mice 
and humans in their responses to grafted tissue, and that this 
may relate to the Ag-presenting ability of human, but not mu- 
rine, EC. 

Natural selection and the immune system 

Most, if not all, of the differences we have noted between mouse 
and human immunology have likely become fixed during the 
65 million years since our divergence because they provide some 
selective advantage. In all likelihood these adaptations are in re- 
sponse to new pathologic challenges from microorganisms, 
which have very short generation times and often have high mu- 
tation rates (85). In consequence, mammalian MHC molecules 
and NK cell inhibitory receptors have also evolved rapidly (9, 
86). It should also be noted that some changes may be fixed 
primarily as a result of the nonimmune role of that gene — reit- 
erative use of genes is a well recognized phenomenon during 
development, a good example being the important nonimmu- 
nological role of VCAM in chorioallantoic fusion and placen- 
radon (87). Thus, both the immune system as a whole, and 



some of its individual components (B and T cell repertoires) are 
shaped by natural selection. 

Mice evolved in a quite different environment to humans and 
have been exposed to different Ags and their immune systems 
might therefore be expected to have evolved in subdy different 
ways. Mice not only live in different ecological niches, they are 
also much smaller and have significandy shorter lifespans. 
These are not trivial differences — as noted above, leukocyte 
transit times may be quite different in mice and humans, and a 
larger, broader repertoire of B and T cells must be maintained 
for many years in humans (up to 50 mouse lifetimes). Thus 
many changes may be to accommodate increased size of the or- 
ganism, to regulate larger and more diverse pools of Ag-specific 
cells, and to provide greater checks and balances to combat the 
increased somatic mutation load that longer-lived animals nec- 
essarily carry. 

Summary 

While it is hard to draw global conclusions about the signifi- 
cance of differences between mouse and human immunology, it 
is worth considering the possibility that any given response in a 
mouse may not occur in precisely the same way in humans. 
While caution in interpreting preclinical data obtained in mice 
is clearly warranted, we believe that with these caveats in mind, 
mice will continue to be the premiere in vivo model for human 
immunology and will be absolutely essential for continued 
progress in our understanding of immune system function in 
health and disease. 
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